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Abstract Previous studies argued that the Pacific Meridional Mode (PMM) impacts tropical cyclone (TC)
genesis variability over the southeastern part of the western North Pacific (SE‐WNP). Here, we find that
the statistical relationship between PMM and SE‐WNP TC genesis frequency is dominated by their co‐
variability on decadal timescales. The decadal component of the PMM exhibits very similar temporal and
spatial features to quasi‐decadal tropical Pacific sea surface temperature (SST) variability. The latter can
affect SE‐WNP TC activity via changes in both zonal vertical wind shear and low‐level vorticity. In contrast,
the interannual component of the PMM exhibits no statistically significant correlation with SE‐WNP TC
genesis. Furthermore, observations show that both interannual and decadal variability of SE‐WNP TC
activity are well correlated with the commonly used Niño3.4 El Niño‐Southern Oscillation index. Thus,
equatorial Pacific SST variability is the dominant source of SE‐WNP TC activity predictability on
different timescales.
1. Introduction
The tropical cyclone (TC) genesis frequency over the western North Pacific (WNP; 0°‐40°N, 100°E‐180°)
exhibits pronounced interannual variability, which has been widely investigated in the past few decades
(e.g., Wang and Chan 2002; Camargo et al., 2007; Zhang et al., 2017b). Specifically, the El Niño‐Southern
Oscillation (ENSO)—the predominant source of global interannual climate variability (e.g., McPhaden
et al., 2006; Timmermann et al., 2018; Wallace et al., 1998)—strongly modulates year‐to‐year WNP TC activ-
ity (e.g., Kim et al., 2011; Wang & Chan, 2002). Importantly, it was found that ENSO primarily influences the
spatial distribution rather than the total number of WNP TC genesis during its developing summer phase
(e.g., Wang & Chan, 2002). In contrast, during the decaying phase of El Niño, WNP TC activity is usually
suppressed, as the WNP is characterized by large‐scale low‐level anomalous anticyclonic circulation (Du
et al., 2011; Wang & Chan, 2002). During the recent two decades, the statistical ENSO‐TC relationship is
complicated by the more frequent occurrence of central Pacific (CP) El Niño events (e.g., Ashok et al.,
2007; Kao & Yu, 2009; Kug et al., 2009). The anomalous air‐sea interaction center during CP El Niño events
is shifted toward the dateline compared to traditional El Niño events that exhibit maximum sea surface tem-
perature (SST) anomalies in the eastern equatorial Pacific. In contrast to traditional El Niño events, CP El
Niño is usually accompanied by a basin‐wide enhancement of TC activity during its developing phase in bor-
eal summer and a minor suppression during its decaying phase the following summer (e.g., Chen & Tam,
2010; Kim et al., 2011; Wang et al., 2013; Wang et al., 2018).
Several other climate factors are also argued to influence the interannual variation of WNP TC activity
(e.g., Huo et al., 2015; Zhan et al., 2013). For instance, it has been hypothesized that tropical North
Atlantic SST anomalies are connected with the WNP TC genesis frequency via adjustments of the
Walker Circulation (Huo et al., 2015; Yu et al., 2016; Zhang et al., 2017a). Furthermore, several studies
hypothesized possible linkages between the Pacific Meridional Mode (PMM) and WNP TC activity
(Gao et al., 2018; Hong et al., 2018; Wu et al., 2018; Zhan et al., 2017; Zhang et al., 2016; Zhang
et al., 2017b). The PMM is the leading singular vector decomposition (SVD) mode of SST and 10‐m
wind vector over the central to eastern Pacific (21°S‐32°N, 175°E‐95°W) after linearly removing the
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SST variability in the Pacific cold tongue (6°S‐6°N, 90°W‐150°W; Chiang & Vimont, 2004). This mode
features a meridional seesaw of SST anomalies accompanied by cross‐equatorial surface winds. It was
previously argued that the PMM may serve as an ENSO‐independent factor in statistical/hybrid models
to improve seasonal forecasts of TC genesis frequency (Zhang et al., 2016, 2017b). It has also been found
that the statistical PMM‐WNP TC relationship is dominated by TC variability occurring in the south-
eastern part of the WNP (SE‐WNP; Zhang et al., 2016). A statistical relationship between PMM and
the number of intense TCs was also found (Gao et al., 2018) since intense TCs usually occur in the
SE‐WNP (Camargo & Sobel, 2005).
However, intriguingly the PMM exhibits no statistically significant correlation with the WNP large‐scale cir-
culation when examining a 19‐year running correlation (see figure 5a of Hong et al., 2018), which seems to
be inconsistent with these previous studies. So far, it is still unknown whether there exists an underlying
dynamical basis for the statistical PMM‐TC relationship and what the key processes are that might be brid-
ging them. Further investigation is needed to deepen our understanding of WNP TC variability, which could
potentially provide guidance for seasonal TC activity forecasts. Here, we demonstrate that the statistical rela-
tionship between PMM and SE‐WNP TC genesis number is dominated by their co‐variability on decadal
timescales. Importantly, decadal PMM variability exhibits very similar temporal and spatial characteristics
as CP ENSO‐like SST variability on the quasi‐decadal timescales. We also find that both the interannual
and decadal components of the SE‐WNP TC genesis frequency are correlated with the commonly used
Niño3.4 index that describes ENSO variability.
2. Data and Methodology
Several atmospheric and oceanic reanalysis data sets are utilized including monthly horizontal wind from
the NCEP‐NCAR reanalysis (Kalnay et al., 1996) and SST from the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstructed Sea Surface Temperature data set, version 5 (Huang
et al., 2017). The best‐track data sets for the WNP TC are derived from the Joint Typhoon Warning Center
(JTWC), the Shanghai Typhoon Institute of the China Meteorology Administration (CMA), and the
Regional Specialized Meteorological Center (RSMC) Tokyo‐Typhoon Center, Japan Meteorological
Agency (JMA). A TC is defined as such when the maximum sustained wind (MSW) speed reaches the critical
value of 34 knots/s (17.5 m/s) for the JTWC and CMA data sets. For the JMA data, a TC is identified accord-
ing to its category reaching at least the tropical storm intensity, due to unavailable MSW records before 1977.
The PMM is characterized by the SVD‐derived SST expansion coefficient index, which is provided by the
University of Wisconsin‐Madison. The CP El Niño index (CPI) was calculated based on the method outlined
in Ren and Jin (2011).
Throughout the manuscript we focus on the TC active season (July–November). However, the conclusions
remain unchanged if we use other TC season definitions such as June–November (not shown). Anomalies
were calculated as the departures from the climatological monthly mean for the entire study period
(1951–2017) and were linearly de‐trended to remove possible influences of the long‐term trend. To separate
interannual and decadal variability, a 9‐point Lanczos low‐pass (low frequency [LF], i.e., decadal variability)
and high‐pass filter (high frequency [HF], i.e., interannual variability) with an 8‐year cutoff period was
applied to all climate indices and variables. Statistical significance for correlations and regressions were
determined based on the two‐tailed Student's t test. For the low‐pass filtered variables, we calculated the
effective sample size using the following equation (Bretherton et al., 1999):
N ¼ Neff 1−R1×R21þ R1×R2 ;
where N, Neff, R1, and R2 represent sample size, effective sample size, and the auto‐correlation of two sam-
ples at lag time one, respectively. We also use cross‐spectral analysis to investigate the relationship between
two signals. Ten percent of both time series were tapered with a split‐cosine‐bell taper before performing the
Fast Fourier transform. With our choice of tapers the resulting degrees of freedom is 5. The confidence level
for the magnitude‐squared coherence is defined following Julian (1975).
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We also use an atmospheric general circulation model (AGCM) developed by Geophysical Fluid Dynamics
Laboratory (GFDL AM2.1; Anderson et al., 2004) to further confirm the atmospheric responses to SST pat-
terns associated with the PMM on different timescales. We conducted three experiments: one control and
two perturbation experiments. In the control (CTRL) simulation, we prescribe global monthly climatological
SST and sea‐ice concentration boundary conditions for the study period (i.e., 1951–2017). The two perturba-
tion simulations are prepared by adding SST anomalies during the WNP TC season (i.e., July to November)
obtained by regressing the normalized PMM‐LF and PMM‐HF indices onto the SST anomalies for the tropi-
cal Pacific region (30°S–30°N, 150°E–80°W; supporting information Figure S4). Each simulation consists of
25 ensemble members with different perturbed initial conditions.
3. Results
Figure 1 displays the relationship between the PMM index and TC genesis frequency over the southeastern
subdomain of the WNP (0°‐20°N, 140°E‐180°). The seasonal (July–November) averaged TC genesis number
from all three TC data sources (i.e., JTWC, CMA, and JMA) exhibits similar moderate correlations with the
PMM index (R~0.3; Figure 1a), consistent with previous finding (Zhang et al., 2016). We also conduct a 15‐
year running correlation (Figure 1b) to examine the long‐term stability of their relationship. The PMM does
not show any significant correlation with the TC number for almost the whole study period, except for recent
years (the result is not sensitive to the choice of running window length). This indicates that the PMM does
not modulate the interannual variability of the SE‐WNPTC genesis frequency. As shown in previous studies,
both the PMM (Stuecker, 2018) and TC genesis number (Liu et al., 2019) exhibit variability onmultiple time-
scales, which is dominated by and can be separated into decadal and interannual components (Figure S1).
Considering their insignificant interannual correlation, we expect that the observed moderate PMM‐TC cor-
relation is mainly caused by their co‐variability at lower frequencies.
Figure 1. (a) Time evolutions of the normalized PMM index (averaged from July to November) and seasonal TC genesis
number in the SE‐WNP. (b) 15‐year running correlations between the SE‐WNP TC genesis number with the PMM (solid
lines), as well as with Niño3.4 (dashed lines) indices. Blue, green, and purple lines indicate different TC data sources
from the JTWC, CMA, and JMA, respectively. Correlation coefficients between the PMM and TC genesis number are
shown in (a) with asterisk * indicating values that are statistically significant at the 95% confidence level. Two horizontal
dashed lines in (b) denote the 90% and 95% confidence levels based on the two‐tailed Student's t test.
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We next investigate the influences of the PMM on SE‐WNP TC genesis frequency on interannual and dec-
adal timescales separately utilizing a 9‐point Lanczos filter (Figure 2). Hereafter, the high‐ and low‐
frequency components of the PMM are denoted by PMM‐HF and PMM‐LF, respectively. Interestingly, the
PMM‐associated SST and low‐level wind anomaly patterns are distinct on different timescales (Figures 2a
and 2b). The SST anomaly pattern of the PMM‐LF resembles the CP ENSO‐like pattern (Figure S2), which
is also evidenced by a high temporal correlation (R = 0.91) between the PMM‐LF and CPI‐LF (Figure 2c). In
response to positive SST anomalies in the tropical central Pacific, we see anomalous low‐level westerly winds
over the western Pacific (Gill, 1980), which can affect the TC genesis frequency through its effect on vertical
wind shear and vorticity. As expected, we see decreased zonal vertical wind shear and enhanced low‐level
vorticity over the SE‐WNP during the positive PMM‐LF phase, both of which are favorable conditions for
Figure 2. SST (°C) and 850‐hPa wind (m/s) anomalies regressed onto the normalized (a) low‐frequency and (b) high‐fre-
quency components of the PMM index. (c) Time evolution of the low‐frequency components of the PMM, CPI, and SE‐
WNP TC genesis number. (d) Time evolution of the high‐frequency components of the PMM and SE‐WNP TC genesis
number. (e) Coherence spectrum and (f) corresponding phase (degree) relationship between the PMM and SE‐WNP TC
genesis number. In (a) and (b), only the values exceeding the 95% confidence level are stippled (SST) or shown (winds). In
(c) and (d), the blue, green, and purple lines indicate TC data from JTWC, CMA, and JMA, respectively. Correlation
coefficients between the PMM and different indices are shown in each plot with asterisk * indicating values that are sta-
tistically significant at the 95% confidence level. The horizontal dashed line in (e) denotes the 95% confidence level. In (f),
positive phase angles mean that the PMM leads the TC genesis number. Green shading highlights the statistically sig-
nificant periodicities at the 95% confidence level. Grey shading indicates phase angles that cannot be resolved given that
yearly data are used.
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TC genesis (Figures 3a and 3c). Their relationship can also be supported by highly consistent time evolutions
of the PMM and SE‐WNP TC genesis number on decadal timescales (R~0.75; Figure 2c). There are also SST
anomalies present near the northeastern subtropical Pacific, which seem to be associated with the
southwesterly wind anomalies through the positive Wind‐Evaporation‐SST (WES) feedback (e.g., Xie &
Philander, 1994).
On interannual timescales, the PMM‐associated SST pattern is characterized by a meridional dipole over the
eastern Pacific (Figure 2b), which is similar to the unfiltered PMM pattern, but with slightly reduced mag-
nitude in the subtropical northeast Pacific and increased magnitude over the equatorial eastern Pacific.
Due to the relatively cold SST climatology in the equatorial cold tongue and subtropical northeastern
Pacific, PMM‐related atmospheric heating is weak in these regions (Figure S3a) considering the SST thresh-
old for deep convection. Therefore, the related low‐level circulation anomalies are also weak, including east-
erly wind anomalies in the equatorial eastern Pacific and an anomalously weak low‐level cyclonic
circulation near the Hawai'i islands (Figure 2b). Almost no statistically significant large‐scale circulation
anomalies can be detected over the SE‐WNP. Accordingly, the anomalies of the zonal vertical wind shear
Figure 3. Observed (a) zonal vertical wind shear (m/s) between 200 and 850 hPa and (c) the relative vorticity (s−1) at 850
hPa regressed onto the normalized low‐frequency component of the PMM index. (b) and (d) are same as (a) and (c) but for
the high‐frequency component of the PMM index. Composite difference of (e) zonal vertical wind shear (m/s)
between 200 and 850 hPa and (g) the relative vorticity (s−1) at 850 hPa between PMM‐LF and CTRL simulations. (f) and
(h) are same as (e) and (g) but for the difference between PMM‐HF and CTRL simulations. Values exceeding the 95%
confidence level are stippled.
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and enhanced low‐level vorticity are small over the WNP except for a few local regions (Figures 3b and 3d).
Thus, we conclude that the PMM‐HF has no pronounced impact on TC variability over the SE‐WNP, which
is also supported by the fact that these indices show no temporal correlation (R~0; Figure 2d).
The above analyses show that the climate variability described by the PMM index has remarkably distinct
impacts on SE‐WNP TC variability depending on the timescale. Next, we apply a cross‐spectral analysis
between the indices to reveal potential coherence and phase differences as a function of periodicity
(Figures 2e and 2f). The PMM and SE‐WNP TC frequency show significant coherence only on low‐frequency
quasi‐decadal timescales (~12 years periodicity), which further supports our conclusions. The distinct atmo-
spheric circulation responses to PMM‐LF and PMM‐HF SST anomaly patterns that affect TC genesis num-
bers are also validated in AGCM experiments (Figures 3e–3h). Our results suggest that the PMM cannot
serve as a potential factor for improving the seasonal forecast of WNP TC activities. In addition, when inves-
tigating the standard PMM index that includes variability on all timescales, the PMM‐HF component seems
to obscure the robust relationship between the PMM‐LF and UVWS, thus resulting in the observed weak
relationship between the PMM and UVWS in the SE‐WNP (Larson et al., 2012).
We next focus on the role of tropical SST variability, as the PMM‐LF exhibits similar spatial and temporal
characteristics as CP ENSO‐like quasi‐decadal variability (Stuecker, 2018). Previous studies have also
demonstrated that tropical SST variability has a strong modulating effect on year‐to‐year SE‐WNP TC varia-
tions (e.g., Chen & Tam, 2010; Wang & Chan, 2002). Therefore, it is natural to investigate whether we can
capture decadal TC variability with a unified tropical Pacific SST anomaly index. We find that indeed the
commonly used Niño3.4 index is correlated on both decadal and interannual timescales with the SE‐WNP
TC genesis number. The Niño3.4 region covers the central‐to‐eastern tropical Pacific and exhibits pro-
nounced SST variability both on interannual and quasi‐decadal timescales (Figure 4).
The SST and low‐level wind anomalies associated with the decadal Niño3.4 component are almost the same
as those associated with the PMM‐LF (Figure 2a) and CPI decadal component (Figure S2a) with only small
differences in the far eastern tropical Pacific. On interannual timescales, the typical ENSO features are
described by the Niño3.4 index (Figure 4b), which has been demonstrated to be an important forcing for
the year‐to‐year variations of the SE‐WNP TC number (Wang & Chan, 2002). During El Niño events, the
anomalous SST warming over the equatorial central Pacific gives rise to strong atmospheric convection
(Figure S3b), which can alter the zonal vertical wind shear and low‐level vorticity over the SE‐WNP in a
Gill‐type response and thereby affect the local TC genesis number. This is indicated by a significant correla-
tion (R~0.65) between Niño3.4 and SE‐WNP TC number on interannual timescales (Figure 4d). This year‐to‐
year relationship exhibits a high long‐term stability over the entire time period, very different from the PMM
relationship with the SW‐WNP TC number (Figure 1b). Furthermore, on decadal timescales we also observe
a high correlation (R~0.75) between the Niño3.4 index and the SE‐WNP TC number (Figure 4c). The cross‐
spectral analysis further confirms simultaneous co‐variability between tropical Pacific SST anomalies (i.e.,
Niño3.4 index) and SE‐WNP TC genesis number both on interannual and decadal timescales. The above
results suggest that both interannual and decadal variability of the SE‐WNP TC genesis number are related
to central tropical Pacific SST variability and not to off‐equatorial SST patterns.
4. Discussion
Our analyses demonstrate that a statistically significant relationship between the PMM and SE‐WNP TC
genesis number only exists on decadal timescales (and not on interannual timescales). The low‐frequency
component of the PMM resembles the CP ENSO‐like SST pattern, which can modulate the zonal vertical
wind shear and low‐level vorticity and thus the TC genesis number over the SE‐WNP. We further demon-
strate that both interannual and quasi‐decadal variability of the SE‐WNP TC number are closely related to
tropical SST variability described by the Niño3.4 index. Thus, equatorial Pacific SST variability could provide
a potential source for SE‐WNP TC predictability on both interannual and decadal timescales.
We also examine possible relationships of the PMMwith other climate indices to understand their potential
physical linkages (Figure S5). Compared to the high correlation between the PMM‐LF and CPI (R= 0.91) on
decadal timescales, we find no statistically significant correlation between PMM‐LF and the Pacific Decadal
Oscillation (PDO) index (R = 0.47), although they are co‐varying roughly in‐phase since the early 1990s. A
review paper (Newman et al., 2016) documented that the PDO can be generalized as a red noise process that
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integrates both local North Pacific atmospheric noise forcing and remote forcing from tropical Pacific SST.
Therefore, we hypothesize that part of the increased correlation between PDO and PMM‐LF in recent
decades might be explained by strengthened quasi‐decadal tropical Pacific SST variability (Figure S6). The
North Pacific Gyre Oscillation (NPGO) index closely follows the decadal swings of both PMM‐LF and CPI
with about 1‐year lag (R = 0.73; the sign of NPGO reversed), consistent with previous results that SST
variability over the tropical central Pacific can partly drive NPGO variability (Di Lorenzo et al., 2010;
Stuecker, 2018). Moreover, it seems that the PMM‐LF component describes the same physical process as
Figure 4. SST (°C) and 850‐hPa wind (m/s) anomalies regressed onto the normalized (a) low‐frequency and (b) high‐fre-
quency components of the Niño3.4 index. (c) Time evolution of the low‐frequency components of the Niño3.4, and SE‐
WNP TC genesis number. (d) Time evolution of the high‐frequency components of the Niño3.4 and SE‐WNP TC genesis
number. (e) Coherence spectrum and (f) corresponding phase (degree) relationship between the Niño3.4 and SE‐
WNP TC genesis number. In (a) and (b), only the values exceeding the 95% confidence level are stippled (SST) or shown
(winds). In (c) and (d), the blue, green, and purple lines indicate TC data from JTWC, CMA, and JMA, respectively.
Correlation coefficients between the Niño3.4 and different indices are shown in each plot with asterisk * indicating values
that are statistically significant at the 95% confidence level. The horizontal dashed line in (e) denotes the 95% confidence
level. In (f), positive phase angles mean that the Niño3.4 leads the TC genesis number. Green shading highlights the
statistically significant periodicities at the 95% confidence level. Grey shading indicates phase angles that cannot be
resolved given that yearly data are used.
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central Pacific quasi‐decadal SST variability and is somewhat different from extra‐tropical SST variability
(e.g., the PDO). On interannual timescales, the variability of the PMM‐HF is partly explained by SST
variability over Niño1+2 region (R = 0.62, statistically significant at the 95% confidence level), suggesting
that coastal air‐sea coupled processes could be associated with interannual variations of the PMM.
Previous studies documented a prominent decadal decrease of theWNP TC genesis number around the mid‐
to‐late of 1990s, which was mainly attributed to the TC genesis decrease in the SE‐WNP (e.g., Hong et al.,
2016; Liu et al., 2019; Liu & Chan, 2013). Several modulating processes were proposed to understand this
decadal change, such as phase transitions of either the Atlantic Multidecadal Oscillation (AMO) or the PDO
(e.g., Hong et al., 2016; Liu & Chan, 2013; Zhang et al., 2018). The AMO and PDO indices mainly represent
multidecadal variability outside the tropical Pacific (e.g., Mantua et al., 1997; Trenberth & Shea, 2006),
which are distinct from the central tropical Pacific quasi‐decadal variability investigated in this study.
Their modulation effect on the SE‐WNP TC decadal variability seems to be only a minor factor in observa-
tions (Liu et al., 2019). In contrast, the importance of central tropical Pacific SST variability on decadal var-
iations of WNP TC frequency has been noted by a few modeling studies (Matsuura et al., 2003; Mei
et al., 2015).
One recent study found that the raw PMM index shows nearly identical co‐variability with the CPI on both
interannual and decadal timescales (Stuecker, 2018). We emphasize that the raw PMM index used in
Stuecker (2018) is not the same as the filtered PMM index used in our study (see http://www.aos.wisc.
edu/~dvimont/MModes/PMM.html for more details on their definitions). The decadal components of both
the PMM and raw PMM show similar spatial patterns as the CP ENSO‐like pattern and exhibit consistent
relationships with the SE‐WNP TC (Figures 2a, 3a and 3c, S7a, S7c, and S7e). In contrast, while on interann-
ual timescales the raw PMM also features the CP ENSO‐like pattern, the PMM shows a pronouncedmeridio-
nal SST dipole in the eastern Pacific. This suggests that the PMM indices, especially on interannual
timescales, are highly sensitive to processing methods and definitions. Hence, we emphasize that caution
is required when interpreting the statistical relationship between the PMM and other climate factors on
interannual timescales.
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